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Abstract. The paper presents original experimental data on the viscosity and electrical resistivity of liquid cast irons IChKh28N2 and ICh310Kh24M2F4TR.
The authors discuss the measurement results within the framework of the concept of metal melts microheterogeneity. Liquid cast iron in a micro-
heterogeneous state is considered as a dispersed system consisting of dispersed Fe — 30 % Cr particles distributed in a Fe — 3 % C dispersion medium.
The concept of colloidal microheterogeneity (microheterogeneity) of Fe—C melts was first formulated by Wertman & Samarin more than 80 years ago
and found another confirmation in this work. The introduction of theoretical approaches to the rheology of dispersed systems into the analysis
of the temperature dependences of the viscosity of microheterogeneous melts made it possible to estimate the parameters of microheterogeneity:
the volume fraction and size of dispersed particles. The volume fraction of dispersed particles was determined using the Taylor equation for the viscosity
of dispersed systems and size of dispersed particles — within the framework of the theory of absolute reaction rates. Analysis of the temperature
dependences of microheterogeneous melts electrical resistivity within the framework of the theory of transport phenomena (in this case, conductivity)
in inhomogeneous media (microheterogeneous melts) made it possible to estimate the volume fraction of dispersed particles. The volume fraction
of dispersed particles based on data on the electrical resistivity of liquid cast iron was determined using the Odelevsky equation for the inhomogeneous
media conductivity. The cluster size was determined by the ratio of the melt electrical resistivity at the liquidus temperature and the analysis tempera-
ture, taking into account the known data for the mean free path and the electron scattering coefficient of liquid iron. The volume fraction of dispersed
particles in liquid cast iron was 0.2 — 0.1 at the liquidus temperature. With increasing temperature, the volume fraction of dispersed particles decreases.
The cluster size in liquid cast iron was about 3 nm at the liquidus temperature, and with increasing temperature the cluster size decreased to 1 — 2 nm.
The results obtained are of practical importance: increasing the performance properties of cast iron castings is possible by high-temperature melt treat-
ment (HTMT) in order to change the crystallization conditions and obtain a modified structure. Studies of the microheterogeneous structure of liquid
cast irons and assessment of microheterogeneity parameters make it possible to substantiate and propose the optimal HTMT mode in order to improve
the performance characteristics of products made of wear-resistant cast irons alloyed with chromium.
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AnHomayus. IlpuBeneHb! OpUTHHAIBHBIC SKCIIEPUMEHTAIBHBIC JJAHHBIE O BA3KOCTH U Y/ISIBHOM 3JICKTPOCONPOTUBIICHUN KUAKNX 9yryHoB TUX28H2,

NY310X24M2D4TP. Pesynbrarel U3MEpEHHUI PaCCMOTPEHBI B paMKax MPEICTABICHHH O MHKPOT€TEpOr€HHOCTH METAIUIMYECKUX PACIIaBOB.
JKuxuii 4yryH B MUKPOT€TEpOTreHHOM COCTOSIHUM OHUMAJICS KaK AUCIIepCHAst CUCTEMa, COCTOsIIIas U3 AucnepcHbix yactui Fe — 30 % Cr, pacmpe-
JIeNIeHHBIX B qucniepcronHol cpene Fe — 3 % C. IlpeacraieHus o KOJJIOUIHONH MUKPOHEOIHOPOAHOCTH (MUKPOTeTepOreHHOCTH) paciuiaBoB Fe—C
BIepBBIe chopmynupoBansl A.A. BeptmanoM u A.M. CamapunbsiM Goree 80 JeT Hasza[ U HAIIUIX €Ie OQHO IOATBEPKACHUE B JaHHOI pabore.
[IpuBHECEHHE TEOPETHUESCKUX MTOAXO0A0B PEOIOIUH AUCIIEPCHBIX CUCTEM B aHAJIU3 TEMIIEPATYPHBIX 3aBUCHMOCTEH BS3KOCTH MUKPOI€TE€POr€HHBIX
pacIIaBoB MO3BOJIMIIO OLCHUTH ITapaMETPbl MUKPOI€TEPOTeHHOCTH: 00BbEMHYIO JIONI0 U HX pasmep. OnpezesieHne 00beMHOM 0N TUCIEPCHBIX
YaCcTHILl HPOBOAMIOCH 110 ypaBHEHHIO Teiiopa Juis BSI3KOCTH JAMCIEPCHBIX CHCTEM M pa3Mepa AUCIEPCHBIX YaCTHUIL B PaMKax IpeJCTaBICHHN
TEOpUH aOCONIOTHBIX CKOPOCTEH peakiuil. AHAIU3 TEMIEPAaTypHBIX 3aBUCHMOCTEH YIEIBHOIO 3JIEKTPOCONPOTUBICHHS MUKPOI€TEpPOTEHHBIX
pacIuIaBoOB B paMKax TEOPHHM SIBICHUH IepeHoca (B JaHHOM Ciydyae MPOBOAMMOCTH) B HEOAHOPOAHBIX Cpeax (MHKPOreTepOreHHbIX paciuiaBax)
JIaJ1 BO3MOXKHOCTB OLICHKH 00BEMHOM JJOJIN AUCTICPCHBIX YacThIll. OOBEMHYIO JIOJIIO UCTICPCHBIX YACTHIL [0 JAHHBIM 00 y/IEIBHOM 3JIEKTPOCOIPO-
TUBJICHUH XKUJIKUX YyTYHOB ONPEessiin u3 ypaBHeHHs: O/1e/IeBCKOTro AJIs IPOBOAMMOCTH HEOAHOPOAHBIX Cpell. YCTAHOBJIEHBI pa3Mep KiacTepa 13
COOTHOLICHHMS BEJIMYUH Y/IEIBHOTO AIIEKTPOCOPOTHBIICHHUSI PAaCcIlIaBa IIPU TEMIIepaType JUKBHIYC U TEMIIEpaType aHalu3a ¢ y4eTOM HU3BECTHBIX
JIAaHHBIX JUIS JUITMHBI CBOOOAHOTO Tpodera u KodpQUIMEHT paccesiHUs SJIEKTPOHOB JKUKOTO JKelie3a. BeandnHa 0OBEMHOM JIOJH JTUCIICPCHBIX
YaCTHUII B JKUJKHX 4yryHax cocrtaBuia 0,2 — 0,1 BOnu3u temneparypsl dukBuayc. C MOBBIICHHEM TEMIIEpaTypbl 00bEeMHast A0Jsl AUCTICPCHBIX
YacTHIl yMeHblaeTcst. Pa3mep kiactepa B KUAKOM 4yryHe COCTABHMII OKOJIO 3 HM BOJIM3M TEMIIepaTyphbl IMKBUJLYC, C IOBBIIICHUEM TEMIIEPaTypbl
pa3mep kiactepa cHikaercs 10 1 — 2 uM. [lomydeHHbIe pe3yabTaTbl HMEIOT IPAKTHYECKOE 3HAYCHHE: MOBBIIICHHE YKCILUTYaTAllHOHHBIX CBOCTB
OTJIMBOK M3 YyT'YHOB BO3MOXKHO IIyT€M BBICOKOTEMIIEpaTypHOil 00pabotku paciuiaBa (BTOP) ¢ menbio M3MEHEHUs! yCIOBUI KPUCTALTH3ALUH 1
MOJy4YeHHsT MOAM(MHLIUPOBAHHON CTPYKTYpBI. MCCiaenoBaHusl MUKPOTE€TEPOI€HHOTO CTPOCHUSI JKHIKUX YyTYHOB M OLICHKA [apaMeTpoB MHKPO-
reTepOreHHOCTH MO3BOJIUT 000CHOBATH M MPEUIOKUTH ONTUMAIbHBIA peskuM BTOP ¢ 11enbio MOBBILIEHHS DKCILTYaTAlMOHHbBIX XapaKTePUCTHK
W3JIeNHH U3 U3HOCOCTOMKUX YYTyHOB, JIETUPOBAHHBIX XPOMOM.
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- INTRODUCTION

The development of concepts regarding the microin-

properties. The mechanism of structural transitions in
complex alloyed metallic melts involves the destruction
of microinhomogeneity not only in structure but also

homogeneous structure of complex alloyed metallic melts
is relevant from a practical perspective for the scientific
justification of selecting temperature-time treatment
modes. The discussion of structural transitions related
to the irreversible destruction of microinhomogeneities
when heating a melt to a specific temperature 7" for each
composition makes this justification possible. Measuring
the temperature dependencies of viscosity, density, elect-
rical resistivity, and surface tension of the melt allows
determining the temperature 7%, explaining it through
a structural transition caused by the destruction of micro-
inhomogeneities. Numerous experiments have shown
that after the structural transition, upon subsequent cool-
ing and crystallization, an ingot with a modified-like
structure is formed, which exhibits better mechanical

580

in chemical composition. Anomalies in the temperature
and concentration dependencies of the structurally sen-
sitive properties of metallic melts — viscosity, density,
electrical resistivity, and surface tension — are caused
by changes in the melt structure. Microinhomogeneities,
which arise due to the predominant interaction of atoms
of the same or different types, correspond to the disrup-
tion of short-range order (SRO) in the atomic arrangement
and range between 2 —5 A. The microinhomogeneous
state of metallic melts, which is due to the segregation
of atoms of a fluctuational nature without clear interfa-
cial boundaries (clusters), is associated with the disrup-
tion of medium-range order (MRO) and ranges between
5-20 A. The microheterogeneous state of the melt,
characterized by the presence of dispersed particles


mailto:chik63@mail.ru
https://fermet.misis.ru/index.php/jour/search/?subject=расплав
https://fermet.misis.ru/index.php/jour/search/?subject=чугуны
https://fermet.misis.ru/index.php/jour/search/?subject=микрогетерогенность
https://fermet.misis.ru/index.php/jour/search/?subject=проводимость неоднородных сред
https://fermet.misis.ru/index.php/jour/search/?subject=вязкость дисперсий
https://fermet.misis.ru/index.php/jour/search/?subject=дисперсные частицы
https://fermet.misis.ru/index.php/jour/search/?subject=температурная обработка расплава
https://fermet.misis.ru/index.php/jour/search/?subject=кинематическая вязкость
https://fermet.misis.ru/index.php/jour/search/?subject=удельное электросопротивление
https://doi.org/10.17073/0368-0797-2024-5-579-592
mailto:chik63%40mail.ru?subject=

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(5):579-592.
Tsepelev V.S., Sinitsin N.I, etc. Microheterogeneous structure of liquid cast irons [ChKh28N2 and [Ch310Kh24M2F4TR

enriched with one component suspended in a surround-
ing medium of a different composition with a distinct
interphase surface, corresponds to the disruption of long-
range order (LRO) and a range of more than 20 A [1].
In work [2], the primary focus is on studying impurity
effects corresponding to SRO in complex alloyed melts,
including investigations of the structure and properties
of'iron-based melts aimed at improving cast iron and steel
production technologies. From a methodological point
of view, alongside direct diffraction studies of the struc-
ture, a large amount of information is provided by mea-
suring physical properties such as magnetic susceptibility,
electrical resistivity, viscosity, and density. For example,
magnetic susceptibility together with electrical resistivity
forms a pair of electron-sensitive properties that allow
assessing the character of short-range order in the system,
the distribution of impurities, and alloying effects. Study-
ing the entire set of properties makes it possible to influ-
ence the melt by applying small additives. The oscillatory
nature of their influence facilitates achieving significant
effects through small concentration changes. Moreover,
the possibility arises to control the melt structure and
the primary crystallization process.

The results of calculations of the radii of micro-
groupings around carbon atoms in iron and the elect-
ronic characteristics of diluted Fe—C—-0O alloys are
presented [2]. Concepts of the cluster structure of metal-
lic liquids, which are due to the segregation of atoms
of a fluctuational nature without distinct interphase
boundaries (clusters), associated with the disruption
of MRO and a range of 5 —20 A, are consistently deve-
loped by G.V. Tyagunov. The cluster structure of metallic
liquids can be described in physical terms if the quan-
tity, composition, and size of clusters, the number
of atoms in the clusters, the lifetime of clusters, etc., are
known. In this case, the clusters have significant sizes
R, >(10—-25)-10""m [3].

The concept of colloidal, i.e., microheterogeneous,
structure of liquid melts, characterized by the presence
of dispersed particles enriched with one of the components
suspended in a medium of a different composition with a
clear interphase surface, corresponds to LRO and a range
of more than 20 A, and has been consistently developed by
P.S. Popel concerning eutectic and monotectic melts [4].
The idea of the colloidal structure of eutectic melts was
first proposed by Yu.A. Klyachko [5], and later deve-
loped by V.M. Zalkin, A.A. Wertman, and A.M. Samarin
with colleagues [6 — 9]. They considered eutectic melts
as classic colloidal systems with particle dispersity on
the order of 1 — 10 nm. In this case, from the perspective
of physical chemistry, the melt represents a microhetero-
geneous system. The terms “microstratified” and “colloi-
dal state” are also used in the same sense. V.M. Zalkin
understood eutectic alloys in the liquid state as a ther-
modynamically stable two-phase state (microemulsions)

caused by the slow dissolution of one of the components,
gradually transitioning into a state of true (homoge-
neous) solution, i.e., as lyophilic two-phase systems [7].
The transition from the microemulsion state in this case
is reversible: when cooling a true solution, the original
microheterogeneity is restored. The existence of a stable
two-phase region caused objections from A.A. Wert-
man due to the violation of the phase rule at the eutectic
point [6]. However, the unsoundness of this assertion was
pointed out by Ya.l. Frenkel [10]. In the case where one
of the phases is dispersed to colloidal scale, an additional
degree of freedom arises — the pressure inside the dis-
persed particles or their radius [11].

The hypothesis of the colloidal microinhomogeneity
(microheterogeneity) of Fe — C melts was formulated
based on sedimentation experiments by A.A. Wertman
and A.M. Samarin. The centrifugation experiments on
liquid cast iron conducted by A.A. Wertman, A.M. Sama-
rin, and A.M. Yakobson showed that the radius of car-
bon atom groupings is close to 10 nm [12]. In the works
of A.A. Wertman and A.M. Samarin, colloidal microinho-
mogeneity (microheterogeneity) of the melt is associated
with the presence of a nonequilibrium dispersed phase
that gradually dissolves into the dispersion medium [6].
This dynamic (fluctuational) microinhomogeneity has
an inherited short-range order structure of solid eutec-
tic phases, with its lifetime comparable to the relaxation
time in the arrangement of atoms. The study of the micro-
inhomogeneous (colloidal) state of liquid cast irons led
A.A. Wertman and A.M. Samarin to conclude the nonequi-
librium nature of this state, which explained the branching
of the temperature dependencies of their physical proper-
ties obtained in heating and subsequent cooling modes
of the melt [13]. V.M. Zalkin proposed limited solubility
of carbon in liquid iron, not exceeding 6.5 — 8.5 at. % [7].
At higher carbon concentrations in the melt, spontane-
ously formed carbon-rich ordered groupings of different
types of atoms, structurally similar to cementite, appear
as distinct phases. The formation of dispersed cementite
particles in liquid alloys occurs within this temperature
range during the melting of alloys containing cementite
and graphite in their initial structure, as well as during
the dissolution of graphite in liquid iron. A rise in car-
bon content in the melt above 12.4 — 14.2 at. % results
in the formation of submicron carbon atom clusters,
arranged in a structure similar to graphite [14]. Subse-
quent development of the understanding of the micro-
heterogeneous state of Fe—C melts views it as a tem-
porary, nonequilibrium state, gradually transitioning into
the equilibrium state of a true solution [15]. The con-
cepts of Fe—C melt microheterogeneity enable analy-
zing the causes for the divergence in the temperature
dependencies of their kinematic viscosity and electrical
resistivity based on the theory of transport phenomena
in inhomogeneous media. Experiments have shown that
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the size of microregions enriched with like atoms reaches
tens of nanometers, significantly exceeding the scale
of short-range ordering in melts, allowing the applica-
tion of known dependencies from the theory of transport
phenomena in inhomogeneous media to the calculation
of microheterogeneous melt properties [16]. The authors
previously used this approach to determine the transition
temperatures of Fe—Mn—C melts from the model of iso-
lated inclusions to the model of interpenetrating inclu-
sions [17], as well as the transition temperatures from
a heterogeneous system to a homogeneous solution [18].

Based on the concept of the microheterogeneous
structure of melts, the theory of suspension viscosity
can be applied to analyze the temperature dependen-
cies of kinematic viscosity. The viscosity of a medium
containing dispersed inclusions exceeds the viscosity
of a pure liquid due to the stresses that arise during par-
ticle movement. In this case, one speaks of the effective
viscosity of the medium. For dilute dispersed systems,
it can be assumed that the interfacial interaction force
under slow flow conditions represents Stokes force mul-
tiplied by the number of particles in a given volume. This
approach was used by Einstein [19; 20] to determine
the viscosity of dilute dispersed systems containing solid
particles, and by Taylor [19] for dispersions of droplets
and bubbles. In another limiting case, when the particle
concentration is so high that a close packing regime is
realized, filtration theory methods are applied, based on
Darcy’s law [21; 22].

Einstein’s theory was first applied to liquid metals
to analyze the phenomenon following melting [23].
The Einstein equation has been used multiple times in
discussions of viscometric experiments with metallurgi-
cal melts. The author of [24] notes that the increase in vis-
cosity upon cooling can be attributed to the enlargement
of viscous flow units and crystallization. The viscosity
of a suspension is determined by the size of the dispersed
phase particles and their quantity in the melt. In the case
of liquid steels and cast irons, it has been found that
the presence of inclusions in the melt significantly affects
its viscosity [25] and resistivity [26].

Alloys with high carbon (up to 4 %) and chromium
(up to 30 %) content are characterized by increased
strength properties, while parts made from these alloys
exhibit higher resistance to wear and oxidation, placing
them in the class of wear-resistant cast irons. The high
properties of these alloys are due to the presence of a large
number of chromium carbides, which are extremely
hard. The size, type, and morphology of these carbides
determine the wear resistance and impact toughness.
The required microstructural characteristics of wear-
resistant cast irons are achieved by altering the chemical
composition, the crystallization rate, or through special
heat treatment [27].
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Studies on the influence of vanadium and chromium
on the microstructures of white cast irons alloyed with
Cr, V, Mn, and Ni have shown that vanadium and chro-
mium increase the overall carbide fraction and the amount
of austenite in the matrix, with vanadium carbides (VC)
serving as nucleation centers for carbide eutectics [28].
Research on the effect of alloy processing temperature
led the authors of [29] to conclude that raising the tem-
perature to 850 °C promotes the formation of secondary
carbides and martensite in the microstructure, providing
high hardness values. The authors of [30] demonstrated
the feasibility of using time-temperature treatment of steel
and cast iron in a liquid state for the production of criti-
cal castings with high resistance to abrasive and impact-
abrasive wear. Specifically, for steel grade 4Kh5V2FSL,
high-temperature melt treatment increased the strength
properties by 36 %, while maintaining high wear resis-
tance. However, for cast iron IChKh28N2, the alloy with
the highest abrasive and impact-abrasive wear resistance
was obtained by holding at 1420 °C. Holding at 1520 °C
resulted in a reduction of the microhardness of the matrix
and eutectics, but increased the microhardness of indi-
vidual chromium carbides by 400 HV.

A rational processing mode for obtaining IChKh28N2
cast iron was proposed: heating the melt to 1470 °C,
holding for 15 min, cooling to the pouring temperature,
followed by the introduction of (Ca, Sr)CO, and BFT-1
ligature in amounts of 3 and 4 kg/ton, respectively.
The application of the developed cast iron melt treatment
method also positively influenced fluidity, a key casting
property. The effect of boron on the crystallization con-
ditions of heat-resistant and wear-resistant cast irons in
the Fe-C—-Cr—Mn—Ni—Ti—Al-Nb system was stu-
died [31].

It was found that the hardness of the matrix of high-
chromium cast irons increased after heat treatment due
to the combined effect of secondary carbide precipita-
tion Me,,C, during destabilization and the austenite-
martensite transformation during quenching. Kinetic
calculations of the destabilization process showed that
secondary carbides Me,C; precipitate first, reaching
a maximum at 850 °C. Upon further heating to 980 °C
and holding at this temperature, they are fully trans-
formed into Me,,C, [32]. As the destabilization tem-
perature increases to 1000 °C, the number, volume, and
size of secondary carbides (up to 2.22 um) increase.
At 1050 °C and a 3 h holding time, the size of secon-
dary carbides significantly decreases, with a high density
of distribution in the matrix phase. At this stage, the sam-
ples exhibit better corrosion resistance [33]. The carbon
content in the matrix, depending on the destabilization
temperature and the subsequent dissolution of eutectic
carbides, controls the martensite formation onset tem-
perature and has a dominant effect on bulk hardness [34].
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The work [35] presents data on the phase composi-
tion and structure formation of alloys and oxide layers,
the distribution of elements across the structural compo-
nents of the alloy and the oxidation surface to the depth
ofthe oxide and sub-oxide layers, as well as changes in wear
resistance, oxidation resistance, stability, and mechanical
properties of cast irons in the Cr—Mn—Ni—Ti—Al-Nb
system, depending on the aluminum and niobium content
and the heat retention capacity of the casting mold.

Overheating liquid cast iron above 1500 °C reduces
the size of primary carbides. Within the temperature
range between the liquidus and solidus lines, recrystal-
lization of primary carbides (Cr, Fe),C, was observed,
significantly reducing chromium content and increa-
sing iron content in them [36]. Structural and property
changes in hypereutectic chromium cast irons after heat
treatment were found, which, according to the authors
of [36], are associated with the existence of composition-
ally stable clusters in the melt from the melting point
to approximately 1500 °C. This is due to the high affi-
nity of chromium and carbon and the presence of refrac-
tory carbide Cr,C;. It was found that heat treatment
of the melt in the temperature range of 1260 — 1320 °C
(between the liquidus and solidus lines) increases wear
resistance, while increasing the treatment temperature
leads to a decrease in the wear resistance of the ingots.
Heat treatment of fine-grained castings from hypereu-
tectic chromium iron in the temperature range between
the liquidus and solidus causes recrystallization of pri-
mary carbide crystals (Cr, Fe),C,, altering their composi-
tion, shape, and slightly increasing their size. In this case,
the fraction of primary carbides increases, and the frac-
tion of eutectic carbides decreases as the temperature
of heat treatment is reduced.

The microstructure of Fe—Cr—C ingots includes pri-
mary and secondary dendrites of the Fe—Cr solid solu-
tion, decorated with complex Me,,C, and Me,C, [37].
The microstructure of the Fe — 34Cr —4.5C alloy con-
sists of a chromium-rich austenitic matrix with Me.C,,
carbides, which persists at temperatures slightly above
1150 °C and is metastable in nature [38]. Based on this,
it is assumed that in the liquid state, the Fe—Cr—C melt,
in the context of microheterogeneous structure, can be
understood as Fe—Cr dispersed particles distributed in an
Fe—C dispersion medium.

Thus, liquid cast iron can be considered a colloidal
system consisting of a dispersion medium and inclu-
sions. In this case, the concepts of the theory of trans-
port phenomena in inhomogeneous media and the theory
of suspension viscosity are applicable to such systems.
The objective of this work is to analyze experimen-
tal data on kinematic viscosity and electrical resistivity
to determine the volume fraction of dispersed particles in
IChKh28N2 and ICh310Kh24M2F4TR cast iron melts.
To determine the volume fraction of dispersed particles,
it is proposed to use established concepts from the theory
of viscous flow of suspensions and the theory of transport
phenomena in inhomogeneous media.

[ RESEARCH METHODS

Experimental methods

The objects of the study were selected samples
of industrial wear-resistant cast iron alloys IChKh28N2,
alloyed with Cr and Ni, as well as ICh310Kh24M2F4TR,
alloyed with Cr, Mo, V, and Ti, produced under labora-
tory conditions while adhering to the technology of cast-
ing wear-resistant cast irons. The chemical composition
of the samples was determined using a spark source
spectrometer (SPECTROMAXx, SPECTRO Analytical
Instruments GmbH, Germany) and is presented in Table.
Under laboratory conditions, the electrical resistivity and
kinematic viscosity of these samples were studied.

The electrical resistivity p of the wear-resistant cast
iron alloys in the liquid state was measured using Regel’s
method, which involves the twist angle of a container
with the test sample under the influence of a rotating
magnetic field, with a sample height-to-diameter ratio
of h/d = 1. A.R. Regel demonstrated that the twist angle
¢ of the suspended system is proportional to the electrical
conductivity of the metal if the radius of the cylindrical
sample is comparable to its height [39 — 41]. Measure-
ments of the electrical resistivity were conducted using
an original setup described in [42].

The kinematic viscosity v of the wear-resistant cast
irons in the liquid state was measured using the method
of torsional oscillations of a crucible containing the melt
in a single-ended configuration [43; 44]. The kinematic
viscosity was determined by observing the damping
of the torsional oscillations of the crucible with the melt,

Chemical composition of the samples

Xumuyeckuii coctaB 00pa3noB

Contents of elements, wt. %
Sample ; .
C Si Mn Cr Mo Ni Vv Fe Rest.
IChKh28N2 3.8 0.6 0.7 25.1 | <0.01 | 2.0 |<0.01 | 66.5 1.3
ICh310Kh24M2F4TR | 2.8 0.6 0.3 23.5 0.4 |<0.01| 3.7 68.0 0.7
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recording the oscillation period and the logarithmic decre-
ment of the damping. The kinematic viscosity of the melt
was then calculated. The height of the liquid alloy must
be 2H > 1.85R relative to the radius of the crucible,
to ensure full damping of the viscous waves propagating
from the bottom of the crucible to the free surface.

Measurements of electrical resistivity and kinematic
viscosity were performed over a temperature range from
T, to 1650 °C. The working chamber was pre-evacuated
to 0.001 Pa, after which helium was introduced to a pres-
sure of ~10° Pa. The samples were held in an inert atmo-
sphere for 10 — 15 min at the liquidus temperature 7', fol-
lowed by heating to 1650 °C in increments of 30 — 40 °C.
The systematic error in the measurement of p and v was
3 %, while the random error, determining the scatter
of points in a single experiment with a confidence prob-
ability of p = 0.95 did not exceed 1.5 %.

The liquidus temperature was determined based
on viscometric studies by the sharp change in the loga-
rithmic decrement of the damping torsional oscillations
of the crucible with the melt, according to the method
described in [45].

Calculation of the volume fraction

of microheterogeneous inclusions

To determine the volume fraction of inclusions in
liquid cast irons, an approach was used based on the theory
of conductivity in inhomogeneous media and theoretical
models of suspension viscosity. In this case, the liquid
cast iron was considered a microheterogeneous system, in
which dispersed particles are distributed in a dispersion
medium. For the IChKh28N2 and ICh310Kh24M2F4TR
alloys in the liquid state, the dispersion medium is
assumed to be the Fe — 3 % C melt, while the dispersed
particles consist of the Fe — 30 % Cr melt.

In analyzing the results of the viscometric experiment
on liquid cast irons to estimate the volume fraction ¢
of the dispersed phase in the melts, Taylor’s equation [19]
for dispersions of droplets and bubbles was applied:

N, +0,4n
nq):nZ 1+295(\D(¥j ) (1)
m+n,

where 1 is the effective viscosity of the dispersion; n,
and m, are the viscosities of the dispersed phase and
the continuous phase, respectively.

Based on the experimental data on the temperature
dependence of kinematic viscosity v, the dynamic vis-
cosity mn of the liquid cast iron was determined from
the equation n = vd. The density d of the liquid cast iron
was determined from an additive dependence on the con-
tent of each component in the melt X, and its temperature-
dependent density d,.
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In the liquid state, the melt was understood as a micro-
heterogeneous system consisting of Fe —30 % Cr dis-
persed particles and an Fe — 3 % C dispersion medium.
The dynamic viscosity of such a system can be estimated
using Taylor’s equation (1)

o 704N _
My = Mre_c {1 + 2,5([{7]& C Mpe-—c ]:I’ )
Nre—c + NEe-cr

where n, is the viscosity of the liquid cast iron; ng, . is
the viscosity of the Fe—C melt, and 1, , is the viscosity
of the Fe—Cr melt.

Experimental data on the viscosity of Fe—C melts with
carbon content up to 5 % were obtained by the authors
of [46] and modeled using molecular dynamics in [47].
The viscosity of Fe—Cr melts up to 40 at. % and
Fee. Cr,,C (x=10-17 at. %) was studied in [48; 49].
The known experimental data on the temperature depen-
dence of the viscosity of Fe—C, Fe—Cr melts, and liquid
cast irons were approximated by an exponential expres-
sion of the form

b
n=A4exp (?) 3)

To determine the volume fraction of dispersed Fe—Cr
particles in the liquid cast iron, the following equation
was derived

o T 0,4M.
nef ~MNre—c |:1 + 2,5@[111:6 s Tre—c j:‘ =0. (4)
Nre—c T Mre—cr

In analyzing the results of the resistometric experi-
ment on liquid cast irons, to estimate the volume frac-
tion @ of the dispersed phase in the melts, the Odelevsky
equation [50] was applied, which relates the conductivity
o of a two-phase system to the conductivities of the sol-
vent 6_and the dispersed particles o,

~206,-0,+9(30,+0,)

o=
4
2
26, -0,+¢(36, +0, G0
4 s P (p( P A) e (5)
4 2
Experimental data on the resistivity of Fe—-C

melts with carbon content up to 4.2 % were obtained
by the authors of [51]. The experimental data on the resis-
tivity of Fe—Cr melts over a wide range of compositions
were studied in [52]. The known experimental data on
the temperature dependence of the resistivity of the melts
were approximated by linear dependencies.

To determine the volume fraction of Fe—Cr dispersed
particles in the liquid cast iron, the following equation
was derived
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26,-0,+¢(3c,+0)
4

) (2GS -6,+9¢(30, +c5s)]2

Oy —

+—L =0,
2

2 (6)

1. . o .
where 6, =— is the conductivity of the liquid cast iron;
pef
1
o .=

)

is the conductivity of the Fe—C melt; 6, =

pFe—C pFe7Cr

is the conductivity of the Fe—Cr melt.

Equations (4) and (6), given the known properties
ofthebinary systems Fe-C (., ,0,),Fe—Cr(ng, .. cp)
and the liquid cast iron (nef, Gef') were solved for
the volume fraction of inclusions (¢) using the fsolve
function from the SciPy library within the temperature
range of 1310 — 1650 °C.

The molar fraction of the dispersed particles was
determined from the obtained data on the volume fraction
of inclusions using the expression

my=—i, =2 ()

Ry M,
where m,, n,, ¢,, M, d, are the molar fraction, the number
of moles per unit volume, the volume fraction, the molar
mass, and the density of the i component, respectively.
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[ RESULTS AND DISCUSSION

The results of the experimental investigation of kine-
matic viscosity in the temperature range from T,
to 1650 °C for IChKh28N2 and ICh310Kh24M2F4TR lig-
uid cast irons are presented in Fig. 1. The values of kine-
matic viscosity obtained in this study are consistent with
the viscosity data of the Fe—15at. % Cr— 10 at. % C
melt reported by the authors of [48]. On the right axis
of the same graph (Fig. 1) the dynamic viscosity values
are shown. Under the temperature dependence of kine-
matic viscosity, the experimental and calculated data on
the volume (right axis of the graph) and molar (left axis
of the graph) fractions of heterogeneous inclusions in
the liquid cast irons are presented. Based on the visco-
metric study, the liquidus temperatures for the liquid cast
irons were determined using the method described in [45].
The liquidus temperatures are indicated on the tempera-
ture dependencies of kinematic viscosity.

In analyzing the results of the viscometric experi-
ment on liquid cast irons to estimate the volume fraction
¢ of the dispersed phase in the melts, the approach pro-
posed by A. Einstein for describing the viscosity of dis-
persed systems was applied [19; 20]. A. Einstein considers
the case of constrained flow around a system of spheri-
cal particles by a liquid flow and introduces the concept
of the effective viscosity of the medium. The velocity
of particle movement in a constrained flow depends not

12.0 - 8.0
« 100} / 170 .
™ .\\ <
= J ’/, - 160 =
= 8.0 v e, “amg, =
.> T,=1317°C ~...\.. N A- 450 :
6.0 | vooe T
: ooy
-e 4.0
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0.20 | H0.20
S o1sf H015 =
= 2 g
0.10 |- H0.10
0.05 | H0.05
0 ] ] ° 9
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b

Fig. 1. Temperature dependences of kinematic viscosity (v), dynamic viscosity (1), volumetric ()
and molar fraction (m) of heterogeneous inclusions in liquid cast irons IChKh28N2 (a) and ICh310Kh24M2F4TR (b):
@ — this work; Bl — Fe — 15 % Cr—4 % C [49]; A— Fe — 30 % Cr [48]; ¥ — Fe — 3 % C [46; 47];
1 — approximation; 2 — calculation by equation (4)

Puc. 1. TemniepatypHble 3aBUCUMOCTH KHHEMATHUYECKOW BSI3KOCTH (V), AMHAMUYECKOH B3KOCTH (1)), 00beMHOM (¢)
1 MOJIBHO# /10711 (M) TeTepOTreHHbIX BKIIOUeHHI B xuaAkuX uyrynax MUX28H2 () u UU310X24M2DATP (b):
@ — nanHas pabora; W — Fe — 15 % Cr—4 % C [49]; A — Fe — 30 % Cr [48]; ¥ — Fe — 3 % C [46; 47];

1 — anmpoxcuManys; 2 — pacuer 1o ypaBHEHHO (4)
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only on their size, shape, and the physicochemical pro-
perties of the medium but also on the volume concentration
¢. The dependence on the volume concentration is caused
by hydrodynamic interactions between the particles.
The velocity of a particle in a constrained flow is gene-
rally lower than that of an isolated particle. The viscos-
ity of a medium containing dispersed inclusions exceeds
the viscosity of a pure liquid due to the stresses that arise
during particle movement. In this case, the term “effec-
tive viscosity of the medium” is used. A strict description
of'the laws governing constrained particle motion in a vis-
cous flow does not yet exist. For the case of dilute dis-
persed systems, this approach was used by Einstein [19]
to determine the effective viscosity of a medium con-
taining solid particles, and by Taylor [19] for determin-
ing the dispersion of droplets and bubbles. The melt, as
a microheterogeneous system, was understood as dis-
persed particles enriched with Cr (Fe — 30 % Cr), dis-
tributed in a dispersion medium of Fe — 3 % C. Based on
the known values of the viscosities of Fe—Cr and Fe—C
melts [46 — 48] and the experimental data on the visco-
sity of the dispersed system, the values of the volume
fraction of the dispersed particles (Fe —30 % Cr) in
liquid cast irons were obtained by solving equation (4).
The calculated values of the volume fraction of inclusions
(Fig. 1) were derived from the temperature dependencies
of the kinematic viscosity of Fe —3 % C, Fe — 30 % Cr
and liquid cast irons, approximated by equation (3).
The values of the volume fraction of dispersed particles,
marked with the symbol @ in Fig. 1, were obtained from
the experimental data on the kinematic viscosity of liquid
cast irons and the approximated values of the kinematic
viscosity of the dispersed particles (Fe — 30 % Cr) and
the dispersion medium (Fe — 3 % C) from equation (3).
The molar fraction of the dispersed particles was deter-
mined from the obtained data on the volume fraction
using equation (7).

The dependence of the kinematic viscosity on tem-
perature for the liquid cast iron IChKh28N2 in the range
from 7, to 1504 °C follows an exponential law and is
consistent with the Arrhenius equation. In the same tem-
perature range, the volume and molar fractions decrease
from 0.28 (0.30) to 0.08 (0.08). However, at temperatures
above 1504 °C, an anomalous increase in kinematic vis-
cosity with rising temperature (marked by the symbol O
in Fig. 1, a) was observed, which was also accompanied
by an abnormal increase in the volume fraction of dis-
persed particles in the liquid cast iron, deviating from
the calculated curve. This behavior may be related
to structural changes in the melt. As the dispersed particles
dissolve, the melt transitions into a more homogeneous
solution, changing the chemical composition of the dis-
persed phase, which leads to the anomalous increase in
viscosity. In this case, equation (4) is not applicable for
describing the viscous flow of a homogeneous system.
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The kinematic viscosity for the liquid cast iron
ICh310Kh24M2F4TR decreases monotonically with
increasing temperature, and the volume (molar) fraction
of heterogeneous inclusions in the liquid cast iron also
decreases monotonically, from 0.10 (0.10) at the liquidus
temperature to 0.01 (0.01). This indicates the dissolution
of heterogeneous inclusions in the melt as the tempera-
ture rises.

Based on the data from the viscometric experiment,
an estimate of the size of the structural unit respon-
sible for viscous flow in the melts of IChKh28N2 and
ICh310Kh24M2F4TR cast irons was made. The method
proposed in [53] was used to determine the size
of the structural unit of viscous flow. The temperature
dependence of the kinematic viscosity is expressed as

V=T P (ﬁj’ )

1/2
where B =§(£) ; s is the size of the dispersed par-

ticles.

It was found that for the IChKh28N2 melt, s = 1.3 nm,
and for the ICh310Kh24M2F4TR melt, s = 1.4 nm, which
is of the same order of magnitude as the data obtained for
the liquid steel 110G13L in [54].

The results of the resistometric study of the liquid
cast irons IChKh28N2 and ICh310Kh24M2F4TR are
presented in Fig. 2. The values of electrical resistivity
are shown on the left axis of the graph, while the values
ofelectrical conductivity of the liquid cast irons are shown
on the right axis. Below the experimental data on resisti-
vity (conductivity), the obtained values of the volume
(left axis) and molar (right axis) fractions of dispersed
particles in the liquid cast irons are presented.

The analysis of the resistivity measurements was
based on the theory of conductivity in inhomogeneous
media. The liquid cast iron was considered as dis-
persed particles enriched with Cr (Fe —30 % Cr), dis-
tributed in a dispersion medium of Fe —3 % C. Using
the framework of conductivity in inhomogeneous media,
the volume fraction of dispersed particles in the liquid
cast irons was determined by solving equation (6), based
on the known data on the conductivity (1/p) of dispersed
particles (Fe —30 % Cr) [52], the dispersion medium
(Fe —3 % C) [51]], and the experimental data on the con-
ductivity of the liquid cast iron. The calculated values
of the volume fraction (Fig.2) were obtained from
the linear approximation of the known experimental
data on the temperature dependencies of the conducti-
vity of Fe—3 % C, Fe —30 % Cr, and the liquid cast
irons. The volume fractions of dispersed particles in
Fig. 2, were derived from the experimental data on
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Fig. 2. Temperature dependences of electrical resistivity (p), conductivity (o), volume (¢)
and molar fraction (m) of heterogeneous inclusions, as well as the cluster size determined by equation (8)
in liquid cast irons [ChKh28N2 (a) and ICh310Kh24M2F4TR (b):
@ — this work; ll — Fe — 3 % C; I — approximation; 2— calculation by equation (6); 3 — calculation by equation (8)

Puc. 2. TemniepaTypHble 3aBHCHMOCTH YACIBHOTO IEKTPOCONPOTUBICHUS (p), YACIBHOI IIPOBOAUMOCTH (G),
00BEMHOI () ¥ MOJIBHOH (/1) TOJH TeTEPOreHHBIX BKIIFOUCHUI, a TaK)Ke pa3Mep KiacTepa,
orpeieNIeHHbIH 110 ypaBHeHuUIo (8) B xuakux uyrynax MUX28H2 (a) u MY310X24M2D4TP (b):
@ — nanHas padora; ll — Fe — 3 % C [51]; 1 — annpokcumanusi; 2 — pacdeT 1o ypasHenuo (6); 3 — pacdeT no ypaBHeHHIO (8)

the conductivity of the liquid cast irons and the linear
approximation of the conductivity values of the dis-
persed particles (Fe —30 % Cr) [52] and the dispersion
medium (Fe —3 % C) [51]. Near the melting tempera-
ture, the volume (molar) fraction of dispersed parti-
cles is 0.18 (0.19) for IChKh28N2 and 0.21 (0.22) for
ICh310Kh24M2F4TR. As the temperature increases,
the volume (molar) fraction of dispersed particles
decreases slightly.

In [55], the following expression was proposed for
microinhomogeneous metallic melts:

N B [lj,

pL DKJ'I r
where p, and p are the specific resistivity of liquid iron
at the liquidus temperature and the analysis temperature,
respectively; [ is the mean free path of electrons in liquid

iron; D, is the cluster diameter; 7 is the electron scatter-
ing coefficient.

)

The mean free path of electrons in liquid iron decreases
from 4.63 to 4.28 A when the melt is heated from 1400
to 1600 °C. Since the scattering coefficient varies within
the range 0 < r < 1, equation (4) implies that as the cluster
size decreases, the resistivity of the melt should increase.
Calculations showed that at = 1600 °C, »=0.97, and
at 1= 1800 °C r = 0.86, meaning that as the temperature
rises, r decreases, and p increases. The cluster size deter-
mined by equation (8) (Fig. 2) for IChKh28N2 is 3.4 nm
at 1400 °C and decreases to 1.7 nm at temperatures above
1600 °C. For ICh310Kh24M2F4TR, the cluster size is

1.7 nm at 1400 °C and decreases to 1.2 nm at temperatures
above 1600 °C. Therefore, the experimentally observed
increase in the resistivity of liquid iron with increasing
temperature is likely not related to changes in the melt
structure at the atomic level, but rather to a decrease in
the number of conduction electrons. This is explained
by the increased number of electrons participating in
the strengthening of interatomic bonds and ensuring
the stability of the clusters as they become smaller with
increasing temperature.

In conclusion, based on the results of viscometric
and resistometric studies, it was established that liquid
cast irons represent a dispersed system, containing, near
the melting temperature, a volume fraction of dispersed
particles of 0.28 and 0.10, according to viscometry, for
liquid cast irons IChKh28N2 and ICh310Kh24M2F4TR,
respectively, corresponding to particle sizes ranging
from 100 to 10 nm. According to resistometry data,
the volume fraction of dispersed particles is about 0.20
for the liquid cast irons and does not significantly change
with increasing temperature. A volume fraction of 0.20
corresponds to dispersed particles with a size of about
10 nm. According to estimates made by the authors
of [56] within the framework of the quasi-chemical model
of microinhomogeneous structure for complex-alloyed
melts [1], the molar fraction of clusters in the liquid cast
irons IChKh28N2 and ICh310Kh24M2F4TR is 0.43
at the liquidus temperature, which is significantly higher
than the values obtained in this study. Based on this,
liquid cast iron can be considered a microheterogeneous
system. Increasing the temperature leads to a reduction in
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the volume fraction of dispersed particles, consistent with
the concept of the breakdown of the microheterogencous
state as the liquid melt is overheated beyond a certain
temperature.

- CONCLUSIONS

The study presents experimental data on the tempera-
ture dependencies of kinematic viscosity and electrical
resistivity of liquid cast irons in the range from the lig-
uidus temperature 7, to 1650 °C. Liquid cast iron in
the molten state was understood as a microheterogeneous
system, characterized by the presence of dispersed par-
ticles enriched with one of the components.

Based on the data on the kinematic viscosity of liquid
cast irons, the volume fraction of heterogeneous inclu-
sions was determined using the concept of viscous flow
in dilute dispersed systems. It was found that the volume
fraction of dispersed particles in liquid cast irons near
the melting point is 0.28 for IChKh28N2 and 0.1 for
ICh310Kh24M2F4TR. A volume fraction of 0.28 corre-
sponds to dispersed particle sizes of ~100 nm, while 0.1
corresponds to particle sizes of ~10 nm. The obtained
particle sizes align with the concept of the microhetero-
geneous structure of liquid cast irons. As the tempera-
ture increases, the volume fraction of dispersed particles
decreases monotonously to values of 0.08 — 0.01.

The volume fraction of dispersed particles was also
determined based on the data on the electrical resis-
tivity of liquid cast irons, which amounted to 0.18
for IChKh28N2 and 0.21 for ICh310Kh24M2F4TR.
The obtained volume fractions correspond to dispersed
particle sizes of ~10 nm. With increasing temperature,
the volume fraction of dispersed particles decreases only
slightly.

It is known that heat treatment of the melt, aimed
at breaking down the microheterogeneous structure,
leads to a modification of the crystallized ingot’s struc-
ture by altering the crystallization conditions. However,
the authors of [30; 36] found that overheating of chromium
cast iron melts reduces the wear resistance of the ingots.
The authors of [36] discovered that overheating the melt
above 1500 °C leads to the destruction of compositio-
nally stable clusters in the melt, which results in changes
in the structure and properties of hypereutectic chromium
cast irons after heat treatment. To improve the perfor-
mance properties, the authors of [30] propose the intro-
duction of additional modifiers before casting the iron
after time-temperature melt treatment, while the authors
of [36] found that wear resistance can be enhanced
by heat treatment between the liquidus and solidus tem-
peratures. Thus, the study of chromium cast iron melts in
the liquid state from the perspective of their microinho-
mogeneous structure will help to advance the understand-
ing of processes occurring in the liquid state and develop
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an optimal melt heat treatment mode to improve the per-
formance characteristics.
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